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’ ABSTRACT 

The HOS C-V technique has been widely used, with 
S102 an the oxide, to determine surface stPPe param- 
eters on silicon with currier concentrations less than 
10« cm -3 . However, at higher impurity concentrations, 
especially those encountered on the n + Bolur cell 
surface (N ^ 10 2 ^ cm-3) t the HOS technique using SiQy 
is relatively insensitive. Increased sensitivity Is 
expected for oxides with higher dielectric permittivity. 
In this respect, Ta 2 05 with a dielectric permittivity 
considerably larger than Si02 affords a distinct advan- 
tage. It is also in use as the antirefluction coating 
on Improved solar cells. Hence, an experimental and 
theoretical investigation has been conducted into the 
feasibility of using the HOS C-V technique to obtain 
information regurding impurity and surface state con- 
centrations on the diffused face of silicon solar cells 
with T'ajjOj coutings. 

The current data yield the result that the impur- 
ity concentration, approximately 10 A from the diffused 
surface, has the value 2.9x10^0 cm -3 . x n addition, it 
is found that Ng, the density of charge in surface and 
oxide states has the value 2.1xl0^ 3 C m“ 2 . The C-V data 
are found to be ,tr reasonable agreement with theoret- 
ical predictions. Based on these results it is con- 
cluded that the HOS C-V technique yields useful infor- 
mation concerning surface parameters which contribute 
to the high, efficiency limiting, surface recombination 
velocities on the rfi surface of silicon solar cells. 


tlon. For the present, it is noted that the properties 
of the c ,.tde-semlconductor interface will vary, depend- 
ing on the oxide used as the antireflection coating. 
Thus investigation of the diffused face on Ta 2 05 coated 
solar cells has a high degree of relevancy since a 
practical antireflection coating is used. Xn addition, 
the technique is non-destructive and has the potential 
for use ns an aid to quality control in solar cell pro- 
duction. The objective of the present work is thus to 
experimentally investigate the feasibility of using the. 
HOS C-V technique to obtain information concerning the 
heavily doped, diffused face of silicon solar cells 
with TU2O5 as the antireflection coating. 

THEORETICAL RELATIONS 

The purpose of this section is to introduce the 
mathematical formulae used in extracting surface param- 
eters from the experimental data. Prior to this, how- 
ever, a calculation is curried out to show the enhance- 
ment in sensitivity which results from incrcused oxide 
dielectric permittivity. 

Sensitivity 

The sensitivity of the HOS C-V technique varies 
inversely with C m x n /C mllx the ratio between minimum 
and maximum capacitance observed as the applied do 
voltage is varied through the measurement range. At 
high frequencies, numerical estimates of this ratio 
can be obtained from the relation (2, 7). 


INTRODUCTION 

Increases in solar cell efficiency can bu effected 
through a reduction in surface recombination veloc- 
ity (1). However, a scarcity of information exists 
concerning the diffused facQ of the silicon solar cell. 
This lack of information arises from the difficulties 
which occur when attempting to obtain experimental data 
regarding the surface of heavily doped semiconductors. 
The HOS cupucitance-voltage technique is commonly used 
for determining the number and nature of surface states 
on silicon (2, 3, A). Host of the work in this area 
has been concerned with thermally oxidized Si0 2 on sil- 
icon and has been limited to silicon carrier concentra- 
tions below 10 33 cm -2 . This limitation arises from the 
fact that the sensitivity of rhe technique decreases 
with increasing carrier cancuntratlon. However, con- 
centrations in the 1020 cm -3 range (5) are the usual 
case far the diffused silicon solar cell face. Hence 
it becomes necessary to extend use of the technique 
outside the limits of current usage. This can be done 
if a method, independent of bulk semiconductor concen- 
tration variation, can be utilized to attain increased 
aensitivlty. In this respect, It is known that sensi- 
tivity increases with increased dielectric permittivity 
of the oxide used in the M0S capacitor (2) . 


c mln 

c max 


1 + 



( 1 ) 


where e„ is the oxide dielectric permittivity, d is 
oxide thickness, q is the electronic charge, k is 
Boltzmann's constant, T the temperature, N the donor 
concentration, n* the intrinsic carrier concentration, 
and c a the dielectric permittivity of silicon. Equa- 
tion (1) clearly illustrates that for given values of 
d, N, t B , and T, the sensitivity increases for.in- 
creased values of e 0 . The results for N « 10-0 C[a -3 
are shown in figure 1. Since the curvua in figure 1 
were computed for a high impurity concentration, the 
effects of heavy doping were Included in the calcula- 
tion. With respect to heavy doping, it huf. been 
shown (8) that for concentrations greater than 10 1 - 7 
cm -3 , ni must be replaced by an equivalent Intrinsic 
concentration, n^p, which is larger than and 

varies with impurity concentration. Fjr N » ID 20 car 3 , 
it is found that hjp » 12.96 nj_ (8). Using the value 
1.4x1010 cm-3 for n-p it follows that n^p ■ 1.81x1011 

cm -2 , xc is clear, from the results of this computa- 
tion, that Ta 2 05 affords the advantage of greatly in- 
creased sensitivity in use of the M0S C-V technique. 


Silicon monoxide, a widely used antireflection 
coating on silicon solar cells, has a dielectric per- 
mittivity slightly higher than Si0 2 . However, Ta 2 05, 
a coating used on improved solar cells (6) has a di- 
electric permittivity considerably greater than either 
S10 or Si0 2 . Hence use of Ta 2 0s affords the advantage 
of increased sensitivity. Numerical calculations will 
be presented later in this paper to support this asser- 


Impurltv Concentration 

In the present case it will be seen that the Im- 
purity concentration N Is determined at a depth ap- 
proximately 10 X f .'««!, ihe diffused surface at the 
tf*Vp silicon solar ceil. This is sufficiently close 
that N is cor.nldered to be a surface parameter. 


1 


The impurity concentration is determined from chu 
relation {9. 10), 



( 2 ) 


A is the urea of the MOS capacitor, V the applied 
voltage and Cup Is the MOS high frequency capacitance 
where 


C HF 


c qCac_ 
C 0 + C 8c 


(3) 


ditlon, where 

^ < V FB “ *NS> W 

where Is the difference In work function between 

the octal which forms one plate of the MOS capacitor 
and the semiconductor. Vpg is the value of the ap- 
plied de voltage at the fiat bund point, i.e., the 
voltage at which the flat band capacitance occurs. The 
latter is obtained from equution (5), using (2) 

/CtM 1 / 2 

< c sc)fH “ A 9rkf*J 


C si ; is the capacitance of the semiconductor space (Cac^Fii being the capacitance of the semiconductor 

charge layer und C 0 the oxidr capacitance is given by apace charge region in the flat band condition. 
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Equation (2) is obtained using the depletion approxima- 
tion (9, 10). 1. addition, the measurement frequency 

should be high enough so that interface states do not 
respond appreciably to the ue signal (9, 10). 

In order to obtain numerical values of C;;p* from 
equation (3) C sc must first be obtained from the C-V 
data. If there were no losses in the MOB capacitor, 
tfien the measured capacitance would simply be a series 
combination of C u and d BC . However, in the present 
case, it is necessary to consider losses in Che oxide 
und in the bulk semiconductor. The oxide losses are 
represented by a resistance R„ in parallel with C 0 
and bulk semiconductor losses by a resistance in serlCB 
with C BC . The high frequency equivalent circuit for 
the MOS capacitor, including these loss elements, is 
shown in figure 2. From the equivalent circuit, Cjji 
the measured capacitance is given by 

C 8e [l + (uK 0 ) 2 C 0 (C,, e + C„)] 

M (l - « 2 C ac C 0 R 0 R s ) 2 + [“ c sc< R o + V + “C 0 R 0 ] 2 

(5) 


Using measured values of Cy, C BC can be obtained 
from equation (5) if C Q , R c , and R B are known. C„ 
and K a are properties of the oxide and are obtained 
directly by measurement. To obtain K u use is made of 
the fact that, at sufficiently high applied dc voltage, 
the semiconductor space charge region is in the strong 
accumulation condition. For an n-type semiconductor 
this implies a very high electron concentration near 
the surface and C is effectively shorted out (11). 
This condition accS?s at C the maximum value of 

C where; 
tn 


c o 8 a 


(Rq + R s ) 2 + (wC 0 R H R 0 ) 2 


( 6 ) 


These relations yield the value of N at a dir* 
tanee W from the semiconductor surface, where 

c q A 

W » 

C 

u st 

W being the width of the semiconductor space charge 
depletion region. 

Charge in Surface and Oxide States 


(7) 


EXPERIMENTAL PROCEDURE 

The MOS C-V data were obtained using a 2 x 2 cm 
n + /p silicon solar cell of 10 ohn-co base resistivity, 
obtained uncoated from the manufacturer. The Ta20s 
coating was deposited under n vacuum of 2x10”° Torr. 
During vapor deposition, the Ta 2 Oc charge was contained 
in a water-cooled copper bout. The cell was mounted on 
a substrate which was heated to 300“ C during deposi- 
tion. The oxide deposition rate was 6.56 X per second. 
Oxide thickness and index^of refraction as determined 
by ellipsometry were 590 A and 2.21, respectively. 

After oxide deposition, the cull had an AMO short cir- 
cuit current of 140 ma and an open circuit voltage of 
0.555 volts. The MOS capucitor was formed by vacuum 
depositing circular gold dots, 2 . 54 xi 0~2 cm in diam- 
eter, with a thickness of 2000 X, as shown in figure 3. 
Contact to the gold dot was made by a gold wire probe 
using a uiicropositioner. The remaining electrical con- 
nection to the MOS capacitor was made to the Ag-Ti grid 
contact on the front face of the solar cell. This con- 
figuration was used in order to avoid the complicating 
effects of the p-n Junction in the capacitance meas- 
urements. Capacitance as a function of applied dc 
voltage was determined with a Doonton 71 AR capacitance 
meter. Output of the capacitance meter was displayed 
on an x-y recorder. During measurement the solar 
cell was contained in u light-tight box into which an 
atmosphere of dry nitrogen gas was introduced. 

RESULTS 

The experimentally obtuined C-V curve is shown in 
figure 4. Due to dielectric breakdown, applied dc 
voltages were limited to the range shown in Che figure. 

Impurity Concentration 

The impurity concentration is evaluated from a 
plot of Cjj| vs V. However, R s must first be ob- 
tained using (6). A reasonable estimate of Cnax is 
obtained by expanding the C-V data as shown in fig- 
ure 5. The dotted line is an extrapolation based on 
previous experience with TU 205 caated-sllicon MOS ca- 
pacitors in this laboratory. C 0 and R Q are obtained 
by measurement on a Ta 20 s coated - single crystal sili- 
con, MOS capacitor in strong accumulation. With 
C 0 * 226.6 pF, Ro - 1.818x103 ohm, and Coax ” 205.7 pF 
it 1 b found that K s “ 79.1 ohm. 

A plot of Cjjf VS applied dc voltage is shown in 
figure 6. From the linear portion of the figure, it is 
found that 


From the present experiment one obtains Che quan- 
tity N s , the density of charge, in both surface and 
oxide states, per unit surface area (12). N s is de- 
termined from the well known technique (2) using the 
measured capacitance and voltage in the flat band con- 


N = 2.9x1020 cuT 3 

In addition it is found that W varies between 
15.5 and 9.8 X over the linear portion of figure 6. 
Hence the present work yields the impurity concert tra- 


2 


tlcw at a minimum distance of 9.B A from the diffused 
surface. 

Charge in Surface and Oxide States 


Using the above value for N, (C )_ » 

2.212x10”® f, (C^pj, - 204.3 pf, and 8 {f F g « 8.4 
volte. Using ^ - 0.9 volt (13), It ia found that 

N a “ 2.1xl0l 3 eo'2 
DISCUSSION 

The configuration of figure 3 differs markedly 
from the geometry commonly utilized in MOS capac- 
itors (2) . Hence in showing feasibility it is neces- 
sary to calculate a theoretical C-V curve for compari- 
son with the experimental data. 

To compute a theoretical C-V curve one needs val- 
ues of (C sc >']‘ ) the theoretical value of the semicon- 
ductor space charge cupacitance, where (14) 



is the semiconductor surfuce potential at the dif- 
fused face. The values of (C sc )-r obtained from equa- 
tion (10) are substituted into equation (5) to obtain a 
calculated value for Cjj. Since equation (10) does not 
include the response of interface rates to the uc fre- 
quency (C st )x is independent of these effects. Hence, 
in the absence of such response, the measured C-V curve 
should have the same shape as the calculated curve. 

This is seen to be the cuse in figure 7. The displace- 
ment between the two curves is due to the dc response 
of fixed surface and oxide charge (2) . 

The validity of the method used to obtain N is 
dependent on the validity of the depletion approxima- 
tion (9, 10). In order to test the depletion assump- 
tion, Q 8C , the charge in the semiconductor space charge 
region is calculated using (14) ; 

Q ac - i(2Nc s kT) 1 / 2 

x (e- U * + U 8 - l) + (e U « - U g - I)]' 7 ' (12) 

Where Q sc is positive or negative depending on 
whether i> a is negative or positive, respectively. The 
"ilculated curve is shown in figure 8. Also shown is 
die range covered by the present C-V duta, where use has 
been made of the standard relation between applied volt- 
age and surface potential (15). Examination of figure 8 
shows that Q ac varies as over the range covered 

by the C-V data. This is the behavior expected when the 
space charge region is in depletion and weak inver- 
sion (16) . In the present case, the depletion region 
extends from i{i 8 * 0 (Flat Band), to ifi s - -0.52 volt. 
The latter surface potential corresponds to un applied 
voltage of -8.5 volte. Hence the linear portion of the 
Cjjp vs V plot lies almost entirely in the depletion 
region. Thus, it is demonstrated that Che measured C-V 
curve behaves !u accordance with MOS C-V theory and 
that the assumptions neccisary for the validity of equa- 
tion (2) are satisfied. 


CONCLUSION 

Because of the unconventional configuration used, 
consideration has been given to showing that the data 
behaves In accordance with MOS C-V theory. In addi- 
tion it is found that the observed data lie largely in 
the depletion region of the semiconductor space charge 
layer. Furthermore, It is *oncluded that despite the 
high depunt concentration ie MOS C-V technique yields 
useful information regarding the diffused surface of 
the solar cull. 

This research represents the first successful ap- 
plication of the MOS C-V technique in obtaining infor- 
mation regarding the heavily doped, diffused face, of a 
silicon solur cell. For the cell investisoted, it is 
found that U s , the density of charge in surface and 
oxide states, has the value 2.1x11)13 cta“2 and that the 
Impurities concentration N has the value 2. 9x11)20 
ca“3 at a minimum distance of 10 K from the diffused 
surface. This is sufficiently close that N is con- 
sidered a surface parameter. Additional experimenta- 
tion is required in order to separate the surface and 
oxide components from N 0 . The surface component is 
directly related to surface recombination velocity (17) 
and would be useful when attempting to relate measure- 
able surfuce parameters to solur cell efficiencies. 
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di OXIDE THICKNESS * (CM) 

Figure 1, - C«*m C MA y vs, oxide thickness. Numerical values 
used In Eq, (W were; &, ■ 2.66xl0' 12 , 3.4xl0' 13 . and5.3xl0" 13 
F/CM. for Ta 2 P_ 5 , SIO? and SIO respectively. N ■ 10^0 cm-3, 

% • 1.06x10mZ F/CM. 
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Figure Z - High frequency equivalent 
circuit ol MOS configuration. 
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Figure 3. - MOS configuration used to obtain C-Vdata. 
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Figure 5. - Expanded C-V curve. Dotted line Is extrapolation (rom 
measured curve. 
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Figure 6. - UC H[ r Z vs. applied d.c. voltage. 
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Figure 7, * Experimental and theoretical curves. Vpg Is the Hat 
band voltage. 
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